Vector arrow maps and isomagnetic maps were constructed with a second derivative SQUID (superconducting quantum interference device) gradiometer in normal subjects and in various pathological conditions to study the inverse problem of electromotive forces and to determine whether the magnetocardiogram (MCG) provides different information from the electrocardiogram (ECG). The current sources deduced from these maps corresponded well with the activation sequences in normal and pathologic conditions reported previously. As second derivative gradiometer measures of the spatial differentiation of the magnetic field, these maps reflected well the current sources close to the anterior chest, namely the right ventricle and right atrium. In addition, it was possible to better localize the sources with this detector than with the ECG or first order gradiometer, suggesting that the isomagnetic and vector arrow maps obtained with the second derivative gradiometer were useful for solving the inverse problem. The MCG also provided different information from the ECG, so use of the MCG in addition to the ECG might be helpful in determining current sources more accurately.
quantum interference device) gradiometer3)-5) made it possible to record a stable and reproducible MCG without magnetic shielding.
The purpose of this study was to analyze electromotive forces from the isomagnetic and vector arrow maps in normal and in various pathological conditions and to examine whether the MCG provides different information from the electrocardiogram (ECG).
MATERIALS AND METHO
MCGs were recorded in 10 normal subjects and 28 patients with abnormal ECGs. Normal subjects had a normal blood pressure, appeared normal on physical examination and had no disease likely to cause a cardiac abnor- where x and y are axes of the body, x in the direction from right to left , and y from head to foot, and x and y are vectors of unit length along the x and y axes. Vector arrow was obtained at each point . Arrows on the map are supposed to indicate roughly the underlying current pattern parallel to the frontal plane.
RESULT
Normal subjects: Fig. 3 shows the EGG, isopotential map , isomagnetic map, and vector arrow map of the anterior chest of a normal subject . In the initial QRS pattern (20msec) of the isopotential map , the maximum was located in the lower part of the map and the minimum was located superiorly . From this map we deduced that the dipole was located in the middle of the map and directed inferiorly. In the isomagnetic map , the positive area was Jpn.
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Fig. 5. Isomagnetic and vector arrow maps of a patient with right ventricular hypertrophy (endocardial cushion defect, 40-year-old woman).
In the isomagnetic maps at the mid and late phases of the QRS, a negative area is seen inferiorly and a positive area superiorly.
In the vector arrow map vector arrows are directed to the right. located on the right and the negative area in the left lower portion, so that the magnetic loop extended from the left lower portion to the right superior portion, as indicated by the arrow. Consequently, by applying the cork screw rule the current source was deduced to exist in the middle of the map and directed to the right and inferiorly. The vector arrow map shows the arrow patterns directed from the left to the right and inferiorly, due to the initial septal force.
In the isopotential map at 50msec, the positive area is located on the left and the negative area on the right, suggesting a dipole from right to left.
At this time, the isomagnetic map showed two negative areas with a positive area in the center. Two dipoles were deduced from this map pattern, namely, one located on the right and directed superiorly and the other located on the left and directed to the left and inferiorly. In the vector arrow map two group of arrows directed in opposite directions are seen which correspond to those of isomagnetic map. At 70msec, the late phase of the ventricular depolarization, the isopo- In the isomagnetic map the maximum moved to the left and the minimum to the right with time . In the vector arrow map vector arrows moved upward and to the left . tential map showed a negative area over the entire anterior thorax. In the isomagnetic map, two negative areas are seen on the right and left of the map. However, this dipole is not usually seen in isopotential maps. In all records for normal subjects, this upwardly directed arrow was already seen at 50 to 70msec.
Left ventricular hypertrophy: Fig. 4 shows the ECG , isopotential map and vector arrow map of a case of aortic valve disease. In the isomagnetic map at 20msec, the maximum is in the upper left. No normal septal vectors were seen in this case.
At 50msec, both the maximum and minimum had moved to the left and a large magnetic field was seen in the isomagnetic map . In the vector arrow map, large vector arrows are seen on the left and directed to the left .
The maps at 70msec are similar to these at 50msec except for the magnitude of the magnetic field in the vector arrow map . Cases of left ventricular hypertrophy did not show the upwardly directed arrows seen in normal subjects.
Right ventricular hypertrophy: Fig. 5 shows the ECG , isomagnetic map and vector arrow map of a patient with an endocardial cushion defect . At 20msec, the maximum was located on the upper thorax and the minimum on the left lower thorax. The positive area was larger than that of normal subjects. In the vector arrow map, the vector arrows are directed to the bottom left. The positive area in the isomagnetic map at 50msec was located superiorly and the negative area inferiorly, suggesting a dipole directed to the right. In the vector arrow map, vector arrows were also directed to the right. As in the other cases with right ventricular hypertrophy, an increased rightward dipole was observed.
Intraventricular conduction disturbances: In right bundle branch block, the isomagnetic map and vector arrow map showed dipoles directed upward and to the right in the late phase of ventricular depolarization. However, the magnitude of the rightward force was not increased relative to that seen in right ventricular hypertrophy. Fig. 6 shows the ECG, the isomagnetic map and vector arrow map of a patient with marked left axis deviation of the ECG. At 20msec, the maximum in the isomagnetic map was located inferiorly and the minimum superiorly and the vector arrows were directed to the left. With time, the vector arrows gradually moved upward and to the left, suggesting delayed depolarization of the anterior basal area of the left ventricle. WPW syndrome: Fig. 7 shows the ECG, isomagnetic map and vector arrow map of a patient with WPW syndrome (Type A). At 30msec, the isomagnetic map showed a positive area on the left and negative area on the right in which the dipole was located in the middle of the map and directed inferiorly. In the vector arrow map, vector arrows were located in the middle of the map. These maps roughly show the site of early excitation. Later, the isomagnetic map showed a similar pattern to that seen at 30msec.
DISCUSSI
Since Cohen et al (1970) 2) succeeded in recording a good quality MCG with a SQUID magnetometer in a shielded room, there have been many reports on the MCG.3)-6) However, most of these reports have dealt with magnetometer systems and recording techniques . Clinical application of the MCG has been difficult because of the background noise present in urban areas and the difficulty with using liquid helium to maintain the cryogenic temperature.
Both problems were gradually solved by development of gradiometers of the first or second derivative type . In particular, the second derivative gradiometer has some useful and practical features, namely, it is insensitive to the uniform field and uniform gradient of the magnetic field and can be used even in a very noisy environment such as a laboratory or hospital located in a city. Thus the second derivative gradiometer should become widely used for clinical recording of the MCG. There are still few reports of analysis of the MCG obtained with a second derivative gradiometer and instantaneous pictures of the magnetic field have not been studied . The isomagnetic and vector arrow maps recorded in this study and showing instantaneous pictures of the magnetic field help in understanding the current sources by simple observation.
Hosaka and Cohen5),6) reported on the vector arrow map which reveals the underlying dipole source by use of the first derivative gradiometer . They concluded that the arrow patterns in this map closely approximate multiple dipole generators and that this method is useful for deducing the current sources . They reported that the sources are more clearly localized with a gradiometer than with an ECG and that this may be useful for determining the locations of electrogenic sources more exactly .
In our study, the initial rightward force was displayed at 20msec in the middle of the isomagnetic map and the vector arrow map of a normal sub -Jpn.
ject. This corresponded anatomically to the intraventricular septum. In the middle part of the QRS, activation involves both ventricles and the arrangement of arrows corresponded to end-epicardial excitation of both ventricles.
In the late phase of the QRS, the vector arrows were directed upward and the activation was located on the right ventricle. These arrow patterns agreed well with the results of the activation sequences of the ventricle deduced from simulation7) or experimental studies,8) indicating the usefulness of this method for inverse solution.
The isomagnetic map also roughly approximated the location and direction of the dipoles. In the second derivative gradiometer record, the current sources located close to the anterior thorax were reflected well so that more information could be obtained on the right ventricle and right atrium.9) This is sometimes difficult to obtain from surface ECG maps. In addition, multiple dipoles or opposing dipoles in which two dipoles are in opposite directions are easily obtained as shown on the isomagnetic or vector arrow maps of the normal case at 50msec.
The patterns of arrows and magnetic field also closely reflect the activation sequences in abnormal conditions, i.e., increase in arrows directed to the left in left ventricular hypertrophy located anatomically in the left ventricle, and increased forces to the right in right ventricular hypertrophy. In conduction disturbances, both maps correctly showed abnormal activation sequences. In WPW syndrome, we were able to deduce the location of the early excitation by simple observation of these maps.
In these maps the magnetic field or current source is displayed instantaneously, which is essential for determining the cardiac generator.
The independence of the ECG and MCG has been discussed, but not demonstrated directly. Since instrumentation and techniques have been developed to allow an accurate comparison of the ECG and MCG, we were able to show in this study that the MCG contained information that was difficult to obtain from the ECG, such as current sources of the right ventricle or opposing dipoles.
The source deduced by the second derivative gradiometer is more localized than that deduced by the first derivative gradiometer and this method can be used in a noisy environment, and thus is more useful clinically for inverse solution. Use of the ECG for producing realistic inverse solutions is limited, but additional use of the MCG should help in determining current sources more accurately.
